The purpose of this study is to investigate whether contagion actually occurred during three well-known financial crises in 1990s and 2000s: Mexican "Tequila" crisis in 1994, Asian "flu" crisis in 1997 and US subprime crisis in 2007. We apply dynamic conditional correlation models (DCC-GARCH(1,1)) to daily stock-index returns of eight Asian stock markets, six Latin American stock markets and US stock market. Defining contagion as a significant increase of dynamic conditional correlations, we test for contagion by using a difference test for DCC means. The results obtained shows that there is a pure contagion from crisis-originating markets to other emerging stock markets during these three crisis. However, the contagion effects are different from one crisis to the other. Firstly, during the Mexican crisis, contagion is detected in only the Latin American region. Secondly, during the Asian crisis, we find evidence of contagion in some markets in both the Asian and Latin American regions. Finally, contagion is proved to be present in all stock markets with the only exception for Brazil during US subprime crisis.
Introduction
Since the 1990s, many widespread financial crises have been witnessed such as the Exchange Rate Mechanism (ERM) attacks in 1992, Mexican "Tequila" crisis in 1994, Asian "flu" crisis in 1997, the Russian collapse in 1998, the Brazilian devaluation in 1999, the US subprime crisis in 2007 and more recently, the Greek and European sovereign debt crisis in 2011. One common feature of these crises is that they have provoked economic depressions not only for the crisis-originating market but also for the others. This phenomenon is usually described as "contagion". The question about how an initial shock of one market could be transmitted to the others have attracted as much attention of policy makers as academic researchers, especially after Asian crisis in 1997. The latter have so far investigated the transmission mechanisms of the crises and the existence of contagion phenomenon across financial markets.
Understanding contagion effect of financial crisis, especially the channels through which crisis is transmitted, would provide important implications for policy makers. It will help to adopt appropriate policy measures in order to reduce the vulnerability of a country to an external shock. Policy implications differ depending on shock propagation through fundamentals or shock propagation unrelated to fundamentals (Forbes and Rigobon (2002) ). If the crises are channeled through short-run linkages which only exist after the crisis occurs (i.e., investors' behavior) then temporary measure like liquidity assistance can be a helpful response. Otherwise, if the crises are transmitted through permanent linkages, such as trade or financial linkages, liquidity support might only delay the transmission of a crisis from one country to another but cannot be effective in reducing a country's vulnerability to a crisis. In this case, policy measures improving the fundamentals are necessary (Moser (2003) ).
Contagion can be divided into two categories 3 : The first category is "fundamental-based contagion", which refers to spillovers resulting from interdependence among markets. In this case, a shock to a market can be transmitted to the others through the linkages (trade, financial linkages) between these markets. Forbes and Rigobon (2001) show that trade linkages are important in transmitting a crisis internationally during the currency crisis in 1990s. Kaminsky and Reinhart (2000) find that beside trade links, financial links are powerful channels of fundamental-based contagion. However, there are several authors who do not consider cross-country propagation of shocks through fundamentals as contagion (See Masson (1998) , Forbes and Rigobon (2002) ) because it reflects normal interdependence but in crisis period. Hence, another category of contagion labeled "pure contagion" or "non-fundamental based contagion" is considered. This form of contagion cannot be explained by the fundamentals, but rather by the behaviors of investors. When a crisis occurs in one country, investors can withdraw their investments from many markets. "Pure contagion" is hence a panic movement which cannot be justified by economic linkages between markets (See Moser (2003) ). In the paper of Kumar and Persaud (2001) , the authors show that investors' appetite for risk can conduct to pure contagion.
Based on these two categories of contagion, theories on shock transmission are also divided into two groups: non crisis-contingent theories and crisis-contingent theories. On the one hand, the non crisis-contingent theories, which refer to the "fundamental-based contagion" category, assume that transmission mechanisms do not change after a shock. On the other hand, the crisis-contingent theories, which refer to the "pure contagion" category, propose that there is a significant difference in transmission mechanisms between stable and crisis periods and therefore cross-market linkages increase after a shock 4 .
In this paper, we follow the second group of theories mentioned above. More specifically, we use the definition of contagion established by Forbes and Rigobon (2001) and Forbes and Rigobon (2002) . These authors label "shift-contagion" instead of simply "contagion". They define contagion as "a significant increase in cross-market linkages after a shock to an individual country (or group of countries)". If two markets always show high correlations in all states of the world, this situation should be referred to "interdependence" and not "contagion". Although this definition is clearly narrow and restrictive, it exhibits two important advantages. First, it gives a simple empirical method to test for the existence of contagion. We can simply compare the linkages between two markets during stable periods with those during crisis periods. If there is a shift in linkages between markets during crisis period then we conclude that contagion occurs during the crisis under investigation. Second, by defining contagion as a significant increase in cross-market linkages, we can differentiate the mechanisms of transmission of shocks. The evidence of "shift-contagion" would support for crisis-contingent theories.
One of the statistics used to measure cross-market linkages is cross-market correlation coefficients. The cross-markets linkages can also be measured by probability of a speculative attack, transmission of shocks or volatility. In summary, there are four kinds of tests that are usually used: tests on the correlation coefficients, tests estimating the variance-covariance transmission mechanism across countries, tests for co-integration and tests measuring changes in the propagation by identifying a model with simple assumptions and exogenous events (Forbes and Rigobon (2002) ). The tests for contagion based on this statistics will test for an increase in the correlation coefficients between two markets after a shock. Due to its simplicity, this methodology is used in many papers such as King and Wadhwani (1990) , Calvo and Reinhart (1996) . They all find a significant increase in cross-market correlation during crisis period which gives evidence for the existence of contagion. However, as demonstrated by Forbes and Rigobon (2002) , the results of this kind of tests are biased in the presence of heteroskedasticity in market returns. They show that even though the linkages 3 See Dornbusch et al. (2001) . 4 See Forbes and Rigobon (2001). between two markets do not change after a shock, these tests do show an increase in cross-market correlation coefficients because of an increase in market volatility. Hence, these tests of contagion need to be corrected for this bias. In their paper, by using tests for contagion based on cross-market correlation coefficient corrected for heteroskedasticiy, Forbes and Rigobon (2002) found no contagion, only interdependence during the 1994 Mexican Peso Crisis, the 1997 Asian Crisis and the 1987 US crisis.
Nevertheless, Billio and Pelizzon (2003) raises an issue with the methodology proposed by Forbes and Rigobon (2002) mentioned above. They show that even if correlation coefficients are adjusted for heteroskedasticity, the traditional tests for contagion are highly affected by the source of crisis and the windows used. Moreover, splitting a sample according to realized or observed values (i.e., high and low volatility) may provide misleading results due to the selection bias (See Boyer et al. (1999) ).
Since this test for contagion based on simple correlation coefficients presents obvious limitations, another econometric technique is developed in the literature to study financial contagion: They are dynamic conditional correlation models (DCC-GARCH models). This method has four advantages. First, these models capture the dynamics of correlation coefficients. Many studies prove that cross-market correlations are not constant but vary over time (See Longin (1995) , Ramchand and Susmel (1998) ). Second, the DCC-GARCH models estimate correlation coefficients of standardized residuals and thus account for heteroskedasticity directly 5 . Third, the DCC-GARCH models can be used to examine multiple asset returns without adding too many parameters. Finally, this method allows to examine all possible pair-wise correlations for all markets in only a single model (Chiang et al. (2007) ).
Recently, this methodology has been usually used in examining financial contagion. Chiang et al. (2007) found evidence of contagion effects during the Asian financial crisis with heteroskedasticity-adjusted simple correlation analysis as well as dynamic correlation analysis. Cho and Parhizgari (2008) otherwise studied contagion during the Asian financial crisis in 1997 by using dynamic conditional correlation (DCC) means and medians difference tests. They considered two sources of contagion, Thailand and Hong Kong, and found the presence of contagion in equity markets across all markets studied: Korea, Malaysia, Philippines, Singapore, Taiwan, Indonesia. Naoui et al. (2010) investigated contagion during the 2007 US subprime crisis in using DCC-GARCH models and adjusting correlation coefficients to control for heteroscedasticity. They found contagion effects from US toward Argentina, Brazil, Korea, Hong Kong, Malaysia, Mexico and Singapore.
Methodology

Dynamic Conditional Correlation Model
As mentioned in the previous section, we use the DCC-GARCH model developed by Engle and Sheppard (2001) , Engle (2002) to examine the time-varying correlation coefficients in this study. Generally, the DCC(1,1)-GARCH(1,1) specification is enough to capture the characteristics of heteroscedasticity of stock and financial variables (See Bollerslev et al. (1992) ). This model is estimated by applying log likelihood estimation procedures.
The estimation of dynamic correlation coefficients between the returns of two markets consists of three steps. Firstly, we have to filter the returns in order to obtain residual returns (See Engle and Sheppard (2001) ). We employ the model specification proposed by Chiang et al. (2007) as follows:
An AR(1) process is used to account for the autocorrelation of stock returns. r US is the U.S. stock index returns, used as the global factor.
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Problem raised by Forbes and Rigobon (2002) as discussed above.
Secondly, the parameters in the variance models are estimated using the residual returns (ε t ) from the first step.
and
where:
• ε t is a k.1 column vector of residual returns of r t .
• D t is a k.k diagonal matrix of the time varying standard deviations of residual returns.
• υ t is a column vector of standardized residual returns.
• H t is a k.k matrix of time-varying covariance.
• R t is a k.k matrix of time-varying conditional correlations.
The elements in D t are obtained from the univariate GARCH(1,1) models with h i,t on the ith diagonal.
for i = 1,...,k. The correlation coefficients are then estimated. The correlation between stock index returns i and j at time t is defined as:
Substituting ε i,t = h i,t υ i,t and ε j,t = h j,t υ j,t to the Equation (6), we will have:
with E t−1 (υ 2 i,t ) = E t−1 (h
j,t E t−1 (ε 2 j,t ) = 1. The conditional correlation is hence the covariance of standardized disturbances. Let Q t the time-varying covariance matrix of υ t (Q t = E t−1 (υ t υ t )) then we have:
Q t in this equation is a nxn positive symmetric matrix. It is defined by:
•Q is the unconditional covariance of the standardized residuals resulting from the univariate GARCH(1,1) equation.
• θ 1 and θ 2 are positive parameters which satisfy θ 1 + θ 2 < 1.
The conditional correlation coefficient, also the element of matrix R t , is then:
As proposed by Engle (2002) , the DCC model can be estimated by using a two-stage approach to maximize the log-likelihood. Let θ and φ be denoted the parameters respectively in matrices D and R, the log-likelihood function to determine the parameters in the Equations (1) and (5) can be written as follows:
where υ t ∼ N(0,R t ) are the residuals standardized on the basis of their conditional standard deviations.
Rewriting (12) gives:
L 1 (θ) is log-likelihood function of variances and L 2 (φ) is that of correlations. In the first stage, the parameters of variances in L 1 are determined by maximizing L 1 (θ). In the second stage, given the estimated parameters in the first stage, the likelihood function L 2 (φ) is maximized to estimate the correlation parameters in L 2 (φ).
Contagion Tests
Contagion occurs when there is a significant increase in correlations during the turmoil period compared with those during the tranquil period. However, the estimates of correlation coefficient can be biased by market volatility heteroscedasticity, as pointed out by Forbes and Rigobon (2002) . In fact, market volatility tends to increase after a shock or a crisis, which makes the correlation coefficients increase even though the underlying cross-market relationship is the same as during more stable periods. In this paper, the correlation coefficients of stock returns are estimated by the DCC GARCH models, and hence vary with market variances through time. Thus, the conventional contagion effect test that ignores the adjustment for heteroscedasticity can be improved.
To test for the existence of contagion, we use a one-sided t-test for the difference between average conditional correlation coefficients of stable and turmoil periods. The test is as follows:
where ρ 1 and ρ 2 are respectively average conditional correlation coefficients of stable and turmoil periods. Rejecting the null hypothesis supports for the contagion.
This t-test of the equality of means is preceded by the preliminary test of the equality of variances.
Data and Descriptive Statistics
The data used in this paper are daily returns of stock price indexes obtained from Datastream, which are all expressed in local currency. Following the conventional approach, equity market returns are computed through log-differentiation and expressed as percentages. The Asian sample consists of 8 markets: Hong Kong, Thailand (taken as alternative sources of contagion), Indonesia, Malaysia, the Philippines, South Korea, Taiwan, Singapore. The Latin American sample includes Mexico (considered as source of contagion), Argentina, Chile, Venezuela, Colombia.
For the Mexican crisis of 1994, the period preceding the crisis is from the 1 January 1993 to 31 March 1995. This crisis is triggered by the devaluation of the Mexican peso in 19 December 1994. Hence, the total period is divided into two sub-periods: from 1 January 1993 to 16 December 1994 (pre-crisis period) and from 19 December 1994 to 31 March 1995 (crisis period).
In line with Cho and Parhizgari (2008) , the period of the analysis of the contagion during the Asian "flu" crisis begins from January 1, 1996 to December 30, 1998. The choice of the beginning date is explained by the fact that it is relatively distanced from the Mexican crisis of 1994. The two dates often considered as inception of the turmoil periods are July 2, 1997 when the Thailand baht was devalued and 17 October 1997 when Hong Kong stock market crashed (See Cho and Parhizgari (2008) The summary statistics of stock-index returns are presented in Tables 1-4 . We divide the entire periods in tranquil periods and turmoil periods by using the break dates for each crisis as mentioned above. One similar result drawn when comparing the first two moments of stock returns for two sub-periods is that the stock returns are generally higher during tranquil periods while variances are higher during turmoil periods (except for Mexican crisis). Moreover, every series of stock returns exhibits non-normality with significantly positive excess kurtosis, which is common to daily equity stock returns. This reveals the existence of extreme returns for these markets. The skewness parameters are not all significant for markets included in the sample. The returns are in percentages. *, **, *** represent statistical significance at the 1%, 5%, 10% levels of risk. The returns are in percentages. **, *** represent statistical significance at the 5%, 10% levels of risk. The returns are in percentages. *, **, *** represent statistical significance at the 1%, 5%, 10% levels of risk. The returns are in percentages. **, *** represent statistical significance at the 5%, 10% levels of risk.
Empirical Findings
Dynamic Conditional Correlations
We now use the dynamic conditional correlation (DCC) multivariate GARCH models presented in the previous section to test whether the contagion occurred among the region's markets during the two periods of international financial crises: the Mexican "Tequila" crisis of 1994 and the Asian "flu" crisis of 1997. Contagion from the American stock market toward emerging stock markets (consisting of Asian and Latin American markets) is also tested in the period of the US subprime crisis of 2007. One advantage of DCC GARCH models is that we can estimate the pair-wise dynamic conditional correlations for all investigated markets in a single system. In this paper, we apply three DCC-GARCH(1,1) models for three crises in order to estimate DCC for each pair of the source and target countries. The Tables 5-7 report the estimates of the returns and conditional variances equations. The AR(1) terms in mean equation are significant except for Singapore, Taiwan (during the Mexican crisis); Singapore, Taiwan and Thailand (during the Asian crisis); and Indonesia, Taiwan, Thailand, Colombia, Mexico (during US subprime crisis). The coefficient of US returns in mean equations are highly significant, which confirms the impact of the American stock market on emerging stock markets. We just do not find significant coefficients of US returns for Colombia and Mexico during the Mexican crisis. The coefficients of lagged variances and shock-square terms are all significant at 1%, which means that the volatilities of these markets are time-varying. Hence, it supports completely the GARCH(1,1) models. The estimated parameters θ 1 and θ 2 of DCC processes are all significant at 1%. The conditions that θ 1 + θ 2 < 1 are all satisfaites.
The computed dynamic conditional correlations during the three crises are presented in For the Mexican crisis, as shown in Figure 1 , what we can observe clearly is that the Latin American stock markets exhibit higher correlations with Mexico compared to Asian stock markets. However, we cannot state increases in the correlation between crisis-originating market and target markets except for Argentina and Chile.
During the Asian crisis (Figures 2 and 3) , the correlations between the market originating crisis (Thailand or Hong Kong) and Asian emerging stock markets are higher compared to their correlations with Latin American emerging stock markets. Indeed, the correlations of Latin American emerging stock markets do not exceed 35% while those of Asian emerging stock markets are sometimes more than 50%. However, the DCCs of the markets of these two regions with Thailand or Hong Kong share one common characteristic: the correlations become more volatile after the crisis. There are obviously increases in these correlations beyond the break points in most cases.
The Figure 4 shows the DCCs of all emerging stock markets under investigation with the US stock market during the US subprime crisis occurred in 2007. In the early stage of the US subprime crisis, the DCCs fluctuate lightly. Then they peak around the final quarter of 2008. At that time, their values are very high, especially those with Latin American emerging stock markets. Except for Venezuela, which is less than 10%, the DCC reach at 80% for Mexico, 70% for Chile, 50% for Argentina while the highest correlation between the US stock markets and the Asian emerging stock markets is about 50% for Hong Kong. This period corresponds to the Lehman Brothers' collapse 6 . Hence, the bankruptcy of Lehman Brothers seems to have the big impact on the contagion of the US subprime crisis toward the Asian and Latin American emerging stock markets. An increase in the volatility of DCCs after the crisis is also observed. θ 1 = 0.0091 *** (2.5764) ; θ 2 = 0.8750 *** (9.7801). Note: Italic numbers in parentheses are t-statistics. *, **, *** represent statistical significance at the 1%, 5%, 10% (p value) of parameters. Table 6 . Estimation of DCC-GARCH model for the Asian "flu" crisis. θ 1 = 0.0100 *** (5.1374) ; θ 2 = 0.9204 *** (52.0098). Note: Italic numbers in parentheses are t-statistics. *, **, *** represent statistical significance at the 1%, 5%, 10% (p value) of parameters. Table 7 . Estimation of DCC-GARCH model for the US Subprime crisis. θ 1 = 0.0086 *** (4.3979) ; θ 2 = 0.9211 *** (34.2800). Note: Italic numbers in parentheses are t-statistics. *, **, *** represent statistical significance at the 1%, 5%, 10% (p value) of parameters.
Asian emerging markets
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Contagion Tests
Although increases in some correlations between crisis markets and target markets during three crises have been noticed, we are not sure if they are statistically significant, which is the evidence of shift contagion. Hence, in order to test for the existence of contagion, we firstly calculate the average correlations in pre-crisis and crisis periods, and then use the t-test as presented in Section 3 to verify if the average correlation in crisis period is statistically higher than that in pre-crisis period. The results are reported in Tables 8-11. 5.2.1. Contagion during the Mexican "Tequila" Crisis
In the Mexican "Tequila" crisis, we do not find contagion from Mexican stock market to Asian emerging stock markets. Actually, the DCCs between Indonesia, Korea and Singapore increase lightly after the crisis with respectively 0.0017%, 1.1157%, and 2.1926% (8). However, these increases are not statistically significant. The t-statistics are inferior to the critical values, leading to accept the null hypothesis of non contagion. This implies an interdependence phenomen between these markets and Mexican market, and not a shift contagion. On the contrary, concerning Latin American stock markets, there is a pure contagion phenomenon from Mexican stock market to Argentinian, Chilian stock markets. The DCCs between these two markets and Mexican stock markets increased significantly at 1% between two periods. These results allow us to conclude that Mexican crisis was just a regional phenomenon. This finding is consistent with the work of Bodart and Candelon (2009) .
Contagion during the Asian "flu" Crisis
The contagion tests from Thailand to other emerging stock markets during the Asian "flu" crisis show that there is shift contagion from the crisis-originating market to the both Asian and Latin American regions. We can see that contagion is present in all Asian emerging stock markets under investigation. For Latin American stock markets, the contagion tests demonstrate the presence of contagion in Argentina, Brazil, Chile and Venezuela. Based on the increase in DCC mean in percentage term (See Table 9 ), Taiwan is most influenced by contagion in Asian region 7 and Venezuela in Latin American region.
In considering Hong Kong as the market originating Asian "flu" crisis instead of Thailand, we also find the presence of contagion effects in the both Asian and Latin American regions. However, the results are slightly different. For Asian emerging stock markets, the contagion effects are present in the Philippines, Singapore, Taiwan and Thailand, and not in Indonesia, Korea and Malaysia. For Latin American emerging stock markets, shift contagion phenomenon is found in most markets except Colombia. 7 This result is consistent with the work of Cho and Parhizgari (2008) . 
Contagion during the US Subprime Crisis
As presented in Table 11 , the DCCs between US and Asian emerging stock markets are generally smaller than those between US and Latin American emerging stock markets. Exceptionally, the DCCs for Philippines and Venezuela are very small compared to other markets, respectively about 5% and 1%. The highest DCC for Asian region is about 27% (for Singapore) while the highest DCC for Latin American region is more than 75% (for Mexico). However, they all show an increase after the crisis occurs. The t tests for the significant increases of DCCs between tranquil and turmoil periods lead to the rejection of non contagion for most of the markets, except Brazil. In fact, the DCCs between U.S. and Brazil increase after the crisis but it is not statistically significant. However, they are very high, respectively 71.34% and 71.46% in tranquil and crisis periods. This indicates an interdependence phenomenon between Brazil and US and not a shift contagion.
Conclusions
Since the international financial crises that occurred in the last two decades, there have been a variety of papers that investigate whether contagion risk is present in financial markets during the crisis periods. In fact, as observed in reality, financial shocks in one country have important impacts in other countries. This raises the question about the role of contagion in the literature. However, how to define and measure contagion is still a contentious problem.
In this paper, we use a traditional definition of contagion which indicates it as a significant increase in cross-market linkages after a shock to one country. Hence, the method applied to test for the existence of contagion in stock markets under investigation is to test if the correlations increase significantly after the crisis. The increase of cross-market correlations is the evidence of contagion risk. This approach is used in many works that deals with the problem of financial contagion risk as it is rather simple compared to other methods like including dummy variables.
We study contagion effects in emerging stock markets during the 1994 Mexican crisis, the 1997 Asian crisis and the 2007 US crisis. The sample consists of eight emerging stock markets in Asia (Indonesia, Hong Kong, Korea, Malaysia, Philippines, Singapore, Taiwan and Thailand), and six markets in Latin America (Argentina, Brazil, Chile, Colombia, Mexico, Venezuela) and the US stock market. To compute conditional correlations across markets, we apply DCC-GARCH(1,1) to daily stock index returns of all the markets in the sample for three crises. We then test for a significant increase in means of dynamic conditional correlations of target markets with source markets during crisis periods.
We find evidence for contagion risk in emerging stock markets during three crises. However, there is a difference of degree of spread among these crisis. During the Mexican crisis, there is a shift contagion from Mexico to two other markets in the same region (Argentina and Chile, all at 1%). During the Asian crisis, contagion is not only detected in Asian region but also in Latin American region. If considering Thailand as contagion source, we find evidence for contagion from Thailand to Indonesia, Hong Kong, Korea, Malaysia, Philippines, Singapore, Taiwan and Thailand (in Asia) and Argentina, Brazil, Chile, Venezuela (in Latin America), all at 1% except for Hong Kong (10%). Alternatively, if we assume that the Asian crisis was triggered by the crash of Hong Kong stock market, the results show that Philippines, Singapore, Taiwan and Thailand (in Asia) and Argentina, Brazil, Chile, Mexico, Venezuela (in Latin America) suffer contagion effects from Hong Kong, all at 1%. With respect to the US subprime crisis, we can detect support for contagion in all studied markets at 1% apart from Brazil. This confirms once again the undeniable impact of US stock market to emerging stock markets.
Among three studied crises, only the Mexican crisis in 1994 is found to be a regional phenomenon. However, this crisis occurred more than twenty years ago, when these countries had just begun their liberalization processes. Afterward, the financial crises became more contagious. Regarding the Asian crisis in 1997, contagion is also detected in the Asian and Latin American regions. The US subprime crisis in 2007 is found to be the most contagious as contagion is detected in most of studied markets in both Asian and Latin American regions. Thereby, the contagion effect seems evident in emerging stock markets in the context that these countries become more open and integrated in the global economy after their liberalization processes.
In summary, in this paper, shift contagion in emerging stock markets during crisis periods has been found present. As a result, the most important element that causes contagion effects across markets is the behavior of investors. In the literature of contagion, a shock to one market can make changes in the anticipations of investors in other markets, and hence lead to portfolio rebalancing. In the presence of information asymmetry, this may transfer the crisis to other markets. Consequently, this can be a subject for more detailed researches in the future. Besides, this paper still presents some shortcomings. The main problem of this study concerns the definition of contagion. In this paper, we consider the contagion as an increase of correlation between the markets. Moreover, we apply a simple method to detect the contagion. We use one side t-test instead of other persistent measures. Therefore, these problems must be further examined in the future.
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